Fast synchrotron radiography was used to investigate ultrasonic cavitation bubble formation and their dynamics during liquid metal processing of Al-Cu metal matrix nano composites (MMNC) in comparison with conventional alloys. The experimental observations showed enhanced cavitation potential in MMNC melts, due to the presence of Al2O3 nano particles which believed to be acting as heterogeneous nuclei for bubble formation. Quantitative image analysis demonstrates that the addition of nano particles increases melt agitation partially, while introducing higher flow velocity variations across the melt. This suggests that the presence of nano particles may substantially alter propensity for ultrasonic treatment effects during solidification processing of MMNCs.
Introduction
Metal matrix nano composites (MMNC) have emerged recently as a next generation light material for transport applications, with a promise to reduce carbon emissions with enhanced specific strengths [1] .
MMNCs are metallic alloys with embedded extrinsic nano particles (NP) which act like nano-precipitates and offer a potential step change in mechanical properties via Orowan strengthening [2] . Although MMNC production through mechanical forming has demonstrated significant mechanical property improvements [1] , production costs are deemed to be too high. Solidification routes are more cost effective, but due to NP agglomeration and further segregation/pushing by solid-liquid interphase, ordinary casting methods found to be ineffective [3] . Ultrasonic melt processing offers a promising approach to de-agglomerate NP clusters, facilitating better NP incorporation into the primary phase via reduced pushing [4, 5] . Ultrasonic processing has also been employed in the metal casting industry as a popular technique to degas molten metal to control porosity and enhance grain refinement during solidification [4, 6] . The cavitation bubble sizes and their number density are found to play an important role in governing all of these aspects [4] . Hence, insights into the dynamics associated with ultrasonic treatment are crucial to optimize solidification processing of molten MMNCs. Although NPs are recognised to alter strength in the solid, and viscosity in the liquid [7, 8] , their influence on ultrasound treatment has not been studied yet and is required to facilitate the optimization of MMNC processing via solidification routes.
High speed optical imaging based analysis of ultrasound cavitation in pure water has been well documented (e.g. ref. [9] ), but is not viable for opaque molten alloys. Though, in situ X-radiography has been used to study a range of phenomena associated with solidification processes of metallic alloys [10, 11, 12, 13, 14, 15] , very few in situ X-ray experimental studies were reported to date on cavitation interactions in molten and solidifying metals [16, 17] . Most of these studies had limited time resolution, except in very recent research [18] , where ultra-fast shock wave effects related to ultrasound sonication has been reported. Recently, small angle X-ray scattering (SAXS) was also employed to investigate the cavitation bubble nucleation phenomena in Al-Cu melts [19] ; the limitation with this study was that once cavitation bubbles were nucleated, they were quickly grown to sizes which is beyond the capability of SAXS to resolve. Further, to the best of authors' knowledge, no direct in situ experimental observation has been reported to evaluate the ultrasonic cavitation driven bubble formation in molten metal with nano particles.
Here, we report in situ synchrotron X-ray observations of ultrasound cavitation in molten aluminium with NPs (MMNCs).
Experimental details
The composition of the MMNC samples was Al-10wt%Cu with 0.05 wt% Al2O3 NP (average size 80 nm). Initially, NPs were wrapped in thin aluminium foil and added to a 1 kg batch of the molten Al-10wt%
Cu alloy during mechanical stirring with a Ti impeller, followed by ultrasonic processing for 15 min (17.5 kHz, Nb horn). The mixture was then poured at 700 °C into a 10 mm diameter, 120 mm long cylindrical steel mould. A separate set of reference samples were also prepared trough to the same processing but without adding NPs. Samples were then machined to have a tight fit into the bottom part of the boron nitride (BN) crucible, 1 mm thin, 3 mm wide and 4 mm high cavity (see Figure 1 .a). The crucible was placed in a resistance heating furnace [12] with the thinner bottom part of the crucible positioned between two X-ray windows (10 mm x 10 mm). The sample thickness direction vector was parallel to the synchrotron X-ray beam (Figure 1b) . A 30 kHz -Hielscher® UP50H ultrasonic processor with 0.5 mm Ti sonotrode tip was fixed to a remote controlled vertically movable rail, in order to move the sonotrode tip into a repeatable position inside the molten metal within < 10 µm accuracy. A low rate Ar supply was also directed to the sample top surface to minimise the oxidation during the experiments. the crucible was heated to 700±5°C, at the rate of ~0.5°C/s, with subsequent ~ 600 s temperature homogenisation holding period. The oscillating sonotrode tip was immersed approx. 4 mm into the molten metal for a 1.0 s sonication cycle, where power is applied for 0.6 s and then turned off for 0.4 s. A pink synchrotron X-ray beam was used for imaging (with the 1 st mode at ~16 keV [20] ). On the detector side, a Flow during the sonication periods was observed with and without NPs. Once the pressure difference is induced by the ultrasonic waves, cavitation process in liquids is usually initiated via heterogeneous nucleation of cavitation bubbles from pre-existing fine gas bubbles [4] . Alloy melts typically contain some non-wettable sub-micron sized solid particles/inclusions with gaseous phase associated with their surface defects, which provide a strong potential for cavitation nuclei [4] . During the sonication period, it was not possible to detect individual cavitation bubbles in most of the images, instead blurring effects cause the rapidly moving bubbles to appear as continuous streaks (Fig. 2.c and Supplementary video#1 ). An It appears that both bubble number density and the bubble average size increased in the melts with NPs as compared to the melt without NPs. The added Al2O3 particles (NPs) are generally not well wetted by liquid aluminium, and provide numerous cavities for entrained interfaces where atomic hydrogen from the melt can re-combine into molecular hydrogen. It is well known that particles with absorbed hydrogen act as cavitation nuclei, significantly reducing the cavitation threshold in liquid metals [4, 9] . Thus, it is reasonable to hypothesise that Al2O3 NPs are the main cause for the differences, through introducing numerous heterogeneous nuclei during cavitation. After sonication more bubbles are present with NPs, likely due to a greater initial number density. For quantification of this effect, we have extracted the bubble radius via adaptive threshholding (to separate the bubbles from the liquid background) and then by applying 2D Laplacian operator to detect the edges. Figure 3 presents quantified bubble diameter statistics as obtained from the radiographs. As shown in Figure 3 , the bubble number density increases by two fold when NPs are present in the melt. In addition to the bubble density, there is a significant increase in the average bubble diameters, from 50-100 µm in the reference melt to 100-150 µm in the alloy with NPs. This suggests that the growth and stability of cavitation gas bubbles was significantly enhanced in the presence 6 of NPs. Remarkably, a possible clue on the reasons for the faster mass (hydrogen) transport, as a result of higher flow rates can also be found from image analysis, particularly in the upper half of the melts with NPs.
As shown in Figure 2 .a and c, a continuous streak indicates the projection of a bubble's movement during a single image exposure. Therefore the length of the each streak provide just a 2D projection of the bubble that it travels within 10 ms. However, as we cannot extract any information about the distance travelled along the thickness direction, the streak lengths can only provide a rough approximation (in plane normal to the beam direction) as presented in Figure 4 , rather than the exact flow velocity. found for the bubble movement at a distance away from the sonotrode tip (the lower half of the observable melt). However, this difference is found to be higher for the cases with NPs. As shown in Figure 2c , the appearance of some distinguishable bubbles, from its circular shape (eg. one shown by the red arrow) provides further evidence for lower flow velocities. Note that the acoustic power attenuates further as cavitation bubbles form (shielding effect) [21] . This may further contribute to the appearance of relatively quiet bubbles at a distance from the ultrasonic source in the presence of cavitation enhanced by NPs.
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Even though cavitation and acoustic streaming (agitation) is employed to improve solidification processing [4, 5] , excessive agitation of melt has also been found to result in undesirable defects in castings, such as porosity [22] , oxide bifilm formation [23] or detrimental morphological changes to the microstructure [24] , resulting in weakened mechanical properties. Turbulence and agitation may also result in re-agglomeration of particles [25] . Further, it is to be noted that the flow velocities can effect segregation, depending on the local flow patterns. According to our observations and analysis presented here, ultrasonic driven melt processing of MMNCs can cause localisation of cavitation and flow dynamic effects within the crucible. Hence, ultrasonic processing of MMNCs is challenging when compared to conventional alloy melts.
Conclusions
Fast synchrotron radiographic images during in situ ultrasonication of Al-10 wt% Cu alloys with/without added Al2O3 NPs were recorded to evaluate the cavitation potential during ultrasonic processing of MMNCs. Cavitation bubbles were quantified in terms of their influence on bubble velocity, number density and size distribution. It was found that the addition of NPs significantly intensify cavitation bubble formation and increase the melt agitation in the regions close to the sonotrode tip. However higher cavitation bubble volume with NPs tend to attenuate ultrasonic power propagation decreasing cavitation activity away from the sonotrode tip, introducing grater variation of ultrasonic effects across the MMNC melts when compared with conventional melts.
